Abstract Based on reports that variables related to photosynthesis (net assimilatory ratio and chloroplast pigments) are more plastic than the morphological and biochemical variables in a climax tropical species, Cariniana estrellensis, under contrasting irradiance, we hypothesised that plasticity of gas exchange variables is higher in relation to growth, biochemical and anatomical variables. Plants that were 14 months old were subjected to 200 up to 2000 lmol m -2 s -1 of photo synthetically active radiation (PAR) for 140 days. Growth increased up to 1400 lmol m -2 s -1 PAR and then decreased at 2000 lmol m -2 s -1 PAR (full sunlight). This was related to the rate of photosynthesis (A) which showed the same tendency as photosystem II performance index (PI ABS ). The greater thickness of the secondary xylem at 1400 lmol m -2 s -1 PAR indicated a higher water conductance capacity. The decrease in specific leaf area, elongation of mesophyll cells, and increase in stomatal density observed at higher irradiances were associated with higher leaf fructose and sucrose concentrations. We concluded that the better growth in partial shade was due to higher photosynthetic capacity. On the other hand, photosynthesis was inhibited equally in full sun and deep shade. The high adjustment capacity of C. estrellensis to wide amplitudes of irradiance was provided by greater plasticity of gas exchange variables in relation to growth, anatomical, and biochemical variables.
Introduction
Non-pioneer or shade tolerant species develop morphological, anatomical and physiological adjustments under deep shade (shade tolerance syndrome) that are characterised by a higher investment in leaf area. This is reflected in an increased leaf area ratio (LAR) and specific leaf area (SLA), and a decreased blade thickness because of the reduced elongation of mesophyll cells (Lambers et al. 2008) . These adjustments improve the capture of low light in highly shaded environments, where certain tropical tree species tend to have lower relative growth rates (RGR) (Souza and Válio 2003) , higher chlorophyll concentrations (Gonçalves et al. 2005) , higher photosynthetic activity (Silvestrini et al. 2007) , and lower concentrations of soluble carbohydrates Mengarda et al. 2012) .
Shade tolerant tropical species can survive in full sunlight (Souza and Válio 2003) or under intermediate shading of around 50% of photosynthetic photon flux (Gonçalves et al. 2005; Mengarda et al. 2009 ). Independent of the functional class, Frigeri (2007) observed that certain climax (shade tolerant) and pioneer (shade intolerant) species from a Brazilian semi-deciduous tropical forest grew better under intermediate shade. The author concluded that shade species tolerate direct light and show high survival with limited growth. This was attributed to the high phenotypic plasticity of the climax species, which is not in accordance with the established concept that shade or understory species have low plasticity compared with pioneer species (Valladares et al. 2000; Hanba et al. 2002; Oguchi et al. 2005) . Similar results were also reported by Mengarda et al. (2009) for young plants of Caesalpinia echinata Lam., a climax species of Brazil's Atlantic Forest (Budowski 1965) , but showed better photosynthetic performance and growth in 50% of PAR photosynthetically active radiation (Mengarda et al. 2009 ). Under full sunlight, Mengarda et al. (2009) observed that C. echinata plants tolerated high irradiance, although they had decreased photosynthetic rates (A) and photosystem II photochemical efficiency (F V /F M ). The capacity of C. echinata to tolerate high irradiance was associated with increased soluble carbohydrate concentrations, increased length of mesophyll cells, higher water contents, and improved recovery of the photochemical capacity of plants transferred to full sunlight (Mengarda et al. 2012) .
Shade tolerant or climax species from Brazilian tropical forests grew better under light near 50% of direct irradiance (Gonçalves et al. 2005; Frigeri 2007; Mengarda et al. 2009 ). The variables related to photosynthesis (net assimilatory ratio-NAR and chloroplastidics pigments) are more plastic than the morphology and biochemistry in non-pioneer tropical trees Cariniana estrellensis (Raddi) Kuntze, Cedrela odorata L., and Manilkara salzmannii (A. DC.) H. J. Lam under contrasting irradiance (Gaburro et al. 2014) , we hypothesised that the better growth of shade tolerant species under partial shade and high capacity to adjust to wide amplitudes of irradiance (full sun to deep shade) to be due to its greater plasticity of gas exchange variables in relation to growth and biochemical variables (leaf soluble carbohydrates-glucose, fructose and sucrose). To test this hypothesis, we used as a model the climax species, C. estrellensis (Lecythidaceae) (Swaine and Whitmore 1988) , which has a Neotropical distribution. It is highly representative of the semi-deciduous rainforests of Espírito Santo State, Brazil where this study was conducted. C. estrellensis is endangered because of its intensive exploitation by the wood industry, and it is fundamental for ecological reforestation. The aim of this study was to identify the phenotypic variables (growth, photosynthesis, biochemical and anatomy) with greater plasticity in C. estrellensis.
Materials and methods

Experimental design
Cariniana estrellensis seeds were collected in the semideciduous evergreen forest (Engel 2001) at the Vale Nature Reserve located in Sooretama city, Espírito Santo State (19°11 0 30 00 S and 40°05 0 46 00 W, 58 m altitude) August 2011. The understory PAR was measured between 9:00 a.m. and 10:00 a.m. at the base of 10 trees from which the seeds were collected. PAR was measured using a spectroradiometer (Spectrum Technologies, Inc., Illinois, USA) with three repetitions at 1 min intervals. The sensor was placed 1 m above the ground and under the canopy of each tree. These trees had an average distance of 40-100 m between them. An average PAR value of 200 ± 80 lmol m -2 s -1
was found for the low rainfall season (winter). The seeds were sown in trays under shade screen in wood frame boxes containing washed sand (1.5 m height 9 1.5 m wide 9 1.5 m deep) with 200 lmol m -2 s -1 PAR and environmental condition (28 ± 2°C temperature, 75 ± 8% relative humidity, and 11 ± 1 h natural photoperiod). PAR was measured using a spectroradiometer (Spectrum Technologies, Inc., Illinois, USA) at 9:00 a.m. on a sunny day. The germination was low at approximately 40%. Following germination, the seedlings were transferred into 8 L polyethylene pots containing compost, sand, and clay (1:1:1), and kept under the same conditions as germination. After 14 months of growth, 20 homogeneous plants with height 20 ± 3 cm and 8 ± 2 leaves were transferred to another shade screen boxes with 1000 ± 52, 1400 ± 89 and 2000 ± 102 (full sunlight) lmol m -2 s PAR. The boxes were exposed to environmental variables such as rain, wind, temperature and radiance. Environmental conditions inside the boxes were 28 ± 2°C temperature, 75 ± 8% relative humidity, and 11 ± 1 h natural photoperiod at the beginning of the experiment. Treatments started in January (summer) and continued until April (autumn) 2012, completing 90 days when the greatest differences in heights occurred. The plants were watered weekly to field capacity to prevent water deficits. At the beginning and at the end of the experiment, growth variables (photosynthesis, biochemical and anatomical) were measured. Only an analysis was conducted due to limited number of plants and physical space. Of the 20 plants, eight were used for growth measurements and six for anatomy, biochemistry and photosynthetic analysis, and leaving six plants as spares. The data collections for photosynthesis, and biochemical and anatomical variables were carried out a day before the growth measures due to inability to carry out all measures on the same day.
Growth analysis
Growth measurements were taken at 0 and 90 days. Stem length and diameter were measured using a digital pachymeter. Root, stem and leaf dry mass were measured following drying in an oven at 60°C until a constant mass was obtained, and the leaf area was measured using a scanner (Area Meter, LI-COR 3100, Nebraska, USA). These data were used to calculate the specific leaf area (SLA = A/LDM), unit leaf area (ULA = A/LN), relative growth rate (RGR = (LnM 2 -LnM 1 )/(t 2 -t 1 )), net assimilation rate
, leaf area ratio (LAR = A/TDM), root: shoot ratio (R:S), and biomass allocation. Biomass allocation was calculated as the ratio of the dry mass of each plant component divided by the total dry mass (Lambers and Poorter 1992) , where M 1 = initial mass, M 2 = final mass, t 1 = initial time, t 2 = final time, Ln = natural Log, LDM = leaf dry mass, SDM = stem dry mass, RDM = root dry mass, TDM = total dry mass, A = leaf area, and LN = number of leaves.
Pigments and photosynthesis
Chlorophyll a (Chl a) and b (Chl b) and carotenoids (Carot) were extracted in 10 mL dimethyl sulfoxide (DMSO) using 20 mg fresh mass of fully expanded leaves (40 cm 2 ± 2 unitary) located at the third node of six plants. The samples were placed into test tubes with screw caps wrapped in aluminium foil and heated in a water bath at 60°C for 4 h. The absorbance was measured at 480, 645 and 663 nm using a spectrophotometer (Genesys 10S UV-Vis, Thermo Fisher Scientific, Waltham, USA). Chl a and b and Carot concentrations were calculated using Lichtenthaler and Welburn (1983) equations. The results were used to calculate Chl a:b and Chl Total : Carot ratios. Gas exchange was measured at 8:00 a.m. on the same leaves used for extraction of the photosynthetic pigments with a portable infrared gas analyser (IRGA) (LI-6200, LI-COR Inc., Lincoln, USA) in a closed system at 380 ppm CO 2 concentration and 28°C. An artificial light source was used with approximately 1500 lmol m -2 s -1 light intensity (Vieira et al. 2011 
Chlorophyll a fluorescence
Chl a fluorescence emission kinetics were measured on the same leaves used for the photosynthesis and pigment measurements with a Handy PEA portable fluorimeter (Plant Efficiency Analyzer, Hansatech, King's Lynn, UK). Measurements were performed at 8:00 a.m. on the darkadapted leaves for 30 min. Immediately following, the leaves were exposed to a 3000 lmol m -2 s -1 red light saturating pulse. The OJIP fluorescence transients obtained for each treatment were analysed according to the JIP test (Strasser et al. 2004 ) using the software Biolyzer (Bioenergetics Laboratory, University of Geneva, Switzerland). The following parameters were analysed: (1) energy absorption per active photosystem II (PSII) reaction centre (RC) (ABS/RC), which can also represent the apparent size of the PSII antenna; (2) energy dissipation per active PSII reaction centre (DI 0 /RC); and, (3) efficiency with which a trapped exciton can move an electron into the electron transport chain further than quinone A (Q A ) at time zero [ET 0 /TR 0 (time = 0)]. The following energy conservation and photochemical efficiency parameters were also analysed: (1) net rate of active PSII reaction centres (RC/ABS); (2) maximum PSII quantum yield or the maximum quantum yield of the primary photochemistry (UP 0 = F V /F M ); and, (3) performance index which is a reflection of the efficiency of light energy absorption, the efficiency of Q A -reduction, and the energy conversion to electron transport (PI ABS ) Xiang et al. 2013 ).
Soluble carbohydrates
Soluble carbohydrates were extracted from a 1 g of fresh mass of the same leaves used for the Chl a fluorescence and photosynthesis measurements. The samples were boiled in 10 mL of 80% ethanol for 3 min to inactivate the enzymes, ground and soluble carbohydrates were extracted in a water bath at 80°C for 15 min. The extract was centrifuged at 4500g for 15 min, the supernatant collected, and the procedure repeated twice. The three resultant supernatants were pooled and concentrated in a rotary evaporator (QUIMIS Ò , Q344B1, Diadema, Brazil) at 35 rpm and 40°C. The total soluble carbohydrate (TSC) concentration was determined according to the phenol-sulphuric acid method (Dubois et al. 1956 ); the free and combined fructose content determined using acid hydrolysis and anthrone (Jermyn 1956) ; and the sucrose concentration determined according to the reducing carbohydrates degradation method using potassium hydroxide (KOH, 5.4 N) (Riazi et al. 1985) . A calibration curve was built using fructose standards with 0 to 50 lg of fructose. The absorbances were measured at k = 620 nm using a spectrophotometer, and the free glucose estimated using the BioSystem enzymatic method. The reaction involved glucose oxidase and peroxidase on glucose and aminoantipyrine ? phenol, respectively, which produced quinoneimine. A 10 lg glucose/urea/creatine solution was used as the standard, and the absorbances were measured at 500 nm.
Leaf and stem anatomy
Fully expanded leaves at the fourth node and stem segments 40 cm above-ground were collected from the same six plants used for photosynthesis and biochemistry analyzes. The samples were fixed in FAA 70 (formaldehyde, acetic acid, and 70% ethanol) for 48 h (Johansen 1940 ) and stored in 70% ethanol. Cross sections from the stem and middle third of the leaf blade were obtained manually using steel razors. The sections were stained with safranin-astra blue (Bukatsch 1972 adapted by Kraus and Arduim 1997) , and histological slides prepared with glycerin: water (1:1) and sealed with colourless enamel. The quantitative leaf anatomical characteristics included: thickness of the leaf blade, adaxial and abaxial epidermis, and palisade and spongy parenchyma, and stomatal density (n o mm -2 ). Measurements of the tissues were from transverse sections. Stomatal density was determined by imprinting the abaxial leaf surface in glass slides using a cyanoacrylate ester adhesive (Super Bonder Ò ). The quantitative stem anatomical characteristics included the following: thickness of the periderm; secondary phloem; cambial zone (radial rows of fusiform and ray initials, including phloem and xylem mother cells according to Marcati et al. 2008) ; secondary xylem; and vessel element diameter, length and density. Measurements of the stem tissues were taken from transverse sections. The length was determined in dissociated cells according to Franklin's method (1945) , modified by Kraus and Arduim 1997) . Dissociated cells were stained with aqueous 1% safranin (Sass 1958) , and semi-permanent slides mounted in glycerin: water (1:1). Observations and image capture were recorded with a photomicroscope (Nikon, 50i, Tokyo, Japan) and measurements with a TSView v.6.1.3.2 (Tucsen Imaging Technology Co. Limited, China) image analyser.
Phenotypic plasticity
This analysis was calculated for all variables (growth, photosynthesis, biochemistry and anatomical). Plasticity is the variation of the species phenotype that results from the plant's adaptive responses to different irradiance levels. The phenotypic plasticity index (PI), which varies between 0 and 1, was calculated as the difference between the highest and lowest average values of the different treatments divided by the highest average value (Valladares et al. 2000 (Valladares et al. , 2005 . Higher PI values that are closer to 1 indicate that the variable is more plastic (Valladares et al. 2005) .
Statistical analyses
The data were subjected to one-way ANOVA analyses and the means compared by the Tukey test at 5% probability. For all statistical analyses, a normality test was applied using the software ASSISTAT (version 7.7 beta). The Chla fluorescence parameters were normalised relative to the variable relative fluorescence [Vt = (F t -F M )/ (F M -F 0 )], where F t = fluorescence in the variable time or transient fluorescence, F 0 = initial fluorescence, and F M = maximal fluorescence (Yusuf et al. 2010) .
Results
Growth analysis
Stem heights and diameters ( Fig. 1) were larger under 1400 lmol m -2 s -1 PAR (partial shading) and decreased with 2000 lmol m -2 s -1 PAR (full sunlight). Heights were smaller in the lowest and highest irradiances and similar. The number of leaves and SLM were higher at the highest irradiances, while total leaf areas and unit leaf areas were lowest in full sunlight (Fig. 2) . The LAR was higher at the lowest intensity irradiances. Similar to the stem dimensions, the stem dry mass (SDM) and root dry mass (RDM) were highest in partial shading (Fig. 3) . Both showed similar values in full sun and in the highest shading. The R:S ratio showed a tendency to increase with the intensity of irradiance. This was associated with an increasing root biomass allocation (RMR, root mass ratio) and decreasing leaf biomass allocation (LMR, leaf mass ratio) in response to increasing intensity of irradiance, especially in the highest irradiances (Fig. 4) . Similar to the RMR, the allocation of stem biomass (SMR, stem mass ratio) was higher under partial shading and in full sunlight. The same tendency of stem dimensions in response to increasing irradiance was also observed for the NAR and RGR, with the highest values in partial shading (Fig. 5 ). NAR and RGR were different from the stem dimensions and lowest in deep shade in relation to full sunlight.
Photosynthetic pigments
The concentrations of Chl a, Chl b and total Chl were highest under 200, 1000 and 1400 lmol m -2 s -1 PAR and without differences between these treatments (Fig. 6) . Full sunlight inhibited the concentration of these pigments which were 150% higher in relation to full sunlight. However, the Chl a: b ratio was higher in full sunlight and the concentration of carotenoids at the higher irradiance. These results were reflected in the Chl Total : Carot ratios which showed higher values with the 200 and 1000 lmol m -2 s -1 PAR.
Gas exchange
The values of A, gs, Ci, and E were higher in partial shading and lowest in full sunlight (Fig. 7) . The intermediate values were found with the densest shading. The values of A, Ci, gs and E in partial shading were more than 170% higher in relation to most treatments. The value of E in full sunlight was higher than under higher shading. The A/E showed a tendency to decrease with the increase of irradiance intensity, with lowest value in full sunlight.
Chl a fluorescence
Low energy dissipation per active reaction centre (DI 0 /RC) was observed with 1400 lmol m -2 s -1 PAR as well as low density of the reaction centre (RC/ABS), better efficiency of electron transport between the reduced plastoquinone and the PSI final electron acceptors (RE 0 /ET 0 ), and higher performance index (PI TOTAL ) (Fig. 8) . The poorest performances of these parameters occurred in full sunlight and greater shading. RC/ABS, ET 0 /ABS, and TR 0 /ABS were lowest in full sunlight, whereas DI 0 /RC was higher, Fig. 2 resulting in a lower performance index (PI ABS ) in full sunlight and lower total performance index (PI TOTAL ) under partial shade and full sunlight. The efficiency of electron transport between the reduced Q A and the final electron acceptors of PSI (RE 0 /ET 0 ) was lower at higher shading levels and higher in full sunlight. However, the quantum yield of the electron transport from Q A -to the end electron acceptors of PSI (RE 0 /ABS) showed higher values with partial shading.
Soluble carbohydrates
The highest total soluble carbohydrates (TSC), fructose, and sucrose concentrations in the leaves were at higher irradiance intensities (Fig. 9) . The lowest TSC concentrations were observed in deep shade. Glucose concentrations were similar between the treatments. The proportions of the carbohydrate concentrations followed as sucrose [ fructose [ glucose in all treatments.
Leaf and stem anatomy
The thickness of the abaxial epidermis, palisade and spongy parenchyma, leaf blades, and stomata density were found at the highest irradiance intensities, especially in full sunlight (Table 1) . The values of theses anatomical variables did not differ between the lower irradiance intensities. The treatments had no effect on the relation between the palisade parenchyma and the spongy parenchyma. The xylem and secondary phloem thickness and cambium were higher under 1400 lmol m -2 s -1 PAR and without differences between the others treatments (Table 2 and Fig. 10 ). The periderm thickness was higher in partial shading and full sunlight without differences between the lower irradiance intensities. Vessel diameters and length was higher in partial shading and full sunlight, respectively, and without differences between the other treatments (Table 3 and Fig. 10 ). Higher vessel densities were 
Phenotypic plasticity analysis
Growth, biochemical, and photosynthesis variables presented different phenotypic PIs (Table 4 ). The growth component with the highest PI was the dry mass, which was reflected in the RGR (PI = 0.61). The lowest PI values were observed for the anatomical components, especially the thickness of the abaxial epidermis, vessel element diameters, and carbohydrates. The photosynthetic variables showed higher plasticity in response to the irradiance gradient, with gs being the highest PI (0.73). Considering the four groups of variables, the photosynthetic variables had the highest plasticity, followed by those of growth, biochemistry, and anatomy (Table 4) .
Discussion
Contrary to the pre-established concept that shade or climax plants do not tolerate high irradiance (Swaine and Whitmore 1988) , C. estrellensis survived and grew under How does Cariniana estrellensis respond to different irradiance levels? 37 full sunlight. Similar behaviour was observed by Souza and Válio (2003) in certain late (climax or shade) and early (pioneer or sun) species from a Brazilian semi-deciduous tropical forest. Because a large portion of the growth variables of C. estrellensis were higher at 1400 lmol m -2 s -1 PAR (partial shading) is consistent with previous observations that climax species from the Brazilian Atlantic Forest grew better under partial shading (Frigeri 2007; Mengarda et al. 2009 ).
Although the higher number of leaves and SMR of C. estrellensis under the highest irradiance intensities is a characteristic of pioneer plants (Lambers et al. 2008 ), it appears that growth measures do not relate to the functional classes due to the absence of patterns between pioneer and climax tropical species under contrasting irradiance (Souza and Válio 2003) .
On one hand, stem measurements, leaf numbers, biomass and growth rates (NAR and RGR) were higher with 1400 lmol m -2 s -1 PAR, suggesting that C. estrellensis prefers partial shade; on the other hand, LMR, leaf areas, and LAR were higher in low irradiance intensities, showing that theses morphological adjustments are typical of shade species when exposed to intense irradiance (Poorter and Nagel 2000; Lambers et al. 2008; Mengarda et al. 2009 ). Another characteristic that confirms this is based on the higher R:S ratios and RMR in higher irradiance intensities. Under conditions of higher irradiance, shade plants tend to invest more in root growth in detriment of shoot growth in order to absorb more water and nutrients in this stressful condition (Lambers et al. 2008) .
The higher SLM of C. estrellensis plants in partial shade and full sunlight can be interpreted as a strategy to avoid photo-oxidative damage by increasing the resistance to penetration of damaging intensive irradiance (Rossato and Kolb 2012) . The lowest Chl a and Chl b concentrations in full sunlight are typical for a sun-acclimated condition observed in other non-pioneer tropical tree species (Gonçalves et al. 2001 (Gonçalves et al. , 2005 . The decrease in Chl a and Chl b and lowest of the total Chl Total : Carot observed in C. estrellensis in full sunlight has also been observed in other tropical species (Gonçalves et al. 2005; Silvestrini et al. 2007; Mengarda et al. 2012) , suggesting a decrease in energy assimilation of the antenna system (Laisk et al. 2005 ) and protection of photosystems from photo-oxidative damage under high irradiance levels ). Photo-protection was less related to the Chl a:b ratio which can either increase (Kitajima and Hogan 2003), decrease (Mengarda et al. 2012) , or remain unchanged (Gonçalves et al. 2005; Silvestrini et al. 2007 ) in some tropical species under full sunlight. The highest chlorophyll content and lower Chl a:b ratio under shading compared to full sun indicates a higher proportion of complex light energy collectors in an effort to optimize photochemical efficiencies found in Amazon rainforest species . The high Chl a:b ratio in full sun was related to low light absorption of photosystems in an effort to reduce stress caused by high radiation (Krause et al. 2001) . The highest Carot levels under 1400 and 2000 lmol m -2 s -1 PAR compared with lower irradiance, confirms the participation of Carot in photo-protection of the photosynthetic apparatus (Laisk et al. 2005) . This high level of Carot also could protect the PSII of the high sunlight incidence through the canopy (Barros et al. 2012) as observed on C. estrellensis plants in partial shade and full sun. These results suggest the ecological importance of these accessory pigments in the modulation of light absorption and energy dissipation (Barros et al. 2012) .
These adjustments of pigment concentrations were reflected in the dissipation of excess light energy as heat (Li et al. 2007 ), which was confirmed by the high DI 0 /RC, indicating partial inactivation of the PSII reaction centres (Yusuf et al. 2010) . Although high irradiance increased DI 0 /RC, decreased TR 0 /ABS and ET 0 /ABS, and inhibited PSII (Xiang et al. 2013 ), consequent to the oxidative effect of reactive oxygen species (Sielewiesiuk 2002) , photodamage in C. estrellensis was avoided in higher irradiances due to the antioxidant action of fructose and sucrose (Mengarda et al. 2012) . Soluble carbohydrates of low molecular weight act not only as osmoprotectants and stabilizers of cellular membranes but also as scavengers of ROS, and they play a novel role in the protection of photosynthesis from oxidative damage caused by environmental stress (Nishizawa et al. 2008) . The majority of the Chl a fluorescence parameters in C. estrellensis showed better photochemical reactions of plants in partial shade by presenting low energy dissipation per active reaction centre (DI 0 /RC), low density of the reaction centre (RC/ABS), and higher performance indices (PI ABS and PI TOTAL ) under 1400 lmol m -2 s -1 PAR. This information may be confirmed by analysing the higher quantum yield of electron transport from Q A to FSI (RE 0 /ABS), and PI TOTAL in 1400 lmol m -2 s -1 PAR difference of two climax species from the Amazon that showed higher performance indices in deep shade at 100 lmol m -2 s -1 PAR when compared to full sunlight (Gonçalves et al. 2007 ).
The characteristics of Chl a fluorescence were reflected in photosynthetic variables. The greater efficiency of gas exchange under 1400 lmol m -2 s -1 may be attributed to higher stomatal opening providing higher influx of CO 2 and therefore higher rates of photosynthesis. The greatest water loss was through evapotranspiration (E) in highest irradiance and reflected in lower water use efficiency (A/E), confirming the low capacity of non-pioneer species to tolerate increased irradiance where water availability is lower compared to the inside forest (Siegert and Levia 2011) . The reduction of A/E of C. estrellensis with increased of irradiance confirms the sensitivity of climax species to increasing light intensity. As a climax species, higher gas exchange rates in the most intense shades were expected. But low luminosity was unsatisfactory to express maximum photosynthetic capacity because of the lower gs limiting carbon inflow and transpiration (Taiz and Zeiger 2013) . Even presenting the lowest gas in full sun, the transpiration of C. estrellensis in this condition was higher compared to more intense shades. However, this was insufficient to increase the carbon inflow and net photosynthesis. This suggests inhibiting rubisco activity due to higher leaf temperatures associated with elevated irradiance (Law and Crafts-Brandner 1999), as observed with other tropical species when exposed to high luminosity (Dias and Marenco 2007; Magalhães et al. 2009) or to photo-damage of the lower chloroplastidics pigments concentration and higher dissipation of light energy (DI 0 / RC). The photo-protection strategies of C. estrellensis under low and high light intensities suggest that it has high competitive capacity in the different forest environment, which could explain its ability to expand over areas of Atlantic Forest (Barros et al. 2012) . The higher photosynthesis variables (A, gs, Ci and E) in partial shading indicates that C. estrellensis has photosynthetic characteristics of an intermediate in the initial phase of growth, although the physiological and morphological characteristics of the species of this functional class is unknown. However, the photosynthesis is not always correlated with the functional class because certain shade tolerant tropical species can have higher photosynthetic The mean values and standard error of the thickness of the adaxial and abaxial epidermis, palisade and spongy parenchyma, and leaf blade; the ratio between the thickness of the palisade and spongy parenchyma (PP/SP); and the stomatal density (stomata/mm 2 ) (n = 4) are presented. Different letters denote significant differences at level P \ 0.05, according to Tukey test ) (n = 4) are presented. Different letters denote significant differences at level P \ 0.05, according to Tukey test How does Cariniana estrellensis respond to different irradiance levels? 41 activity under full sunlight or lower activity under full sunlight (Gonçalves et al. 2005; Silvestrini et al. 2007; Mengarda et al. 2009 ). This is similar to that observed with C. estrellensis in this study. Nevertheless, gas exchange measurements show that this species had the best performance under partial shading. Another factor that may have contributed to the better photochemical performance of C. estrellensis under 1400 lmol m -2 s -1 PAR was the remarkable elongation of the palisade and spongy parenchyma at the highest irradiance intensities. Elongation of the parenchyma cells may increase the resistance to penetration of damaging intensive irradiance, thus minimizing photodamage effects (Rossato and Kolb 2012) . This increased elongation of parenchyma cells has been attributed to higher soluble carbohydrate concentrations that act as osmoregulators, decreasing the cell water potential and promoting water entrance into the cells (Terashima et al. 2006; Mengarda et al. 2009 ). The greatest thickening of the epidermal cells in partial shade and full sun is another strategy to increase the resistance to water loss by transpiration (Taiz and Zeiger 2013) .
Increased stomatal density in the major levels of irradiance may have favored the formation of the limitrophe layer, reducing the gradient concentration between the atmosphere and leaf surface (Taiz and Zeiger 2013) . It may have increased the resistance to water loss by transpiration. However, plants in full sun with higher stomatal densities showed higher transpiration rates compared to plants at higher shading (200 and 1000 lmol m -2 s -1 PAR). This difference may be due to increased environmental temperatures of this treatment which caused major evapotranspiration flows in plants subjected to high irradiation and consequently, reduced leaf overheating (Marques et al. 2000) . Moreover, studies have shown that environmental factors such as light can regulate the development of the stomata (Nadeau and Sack 2002) .
Similar to the mesophyll, C. estrellensis stem cells were also affected by irradiance. The greater thickening of the secondary xylem and periderm under partial shading indicates, respectively, higher water conductance (Schuetz et al. 2013 ) and the protection of internal stem structures against heat (Ginzberg et al. 2009 ). The thicker secondary phloem indicates greater photo assimilates transport capacity (Gaburro et al. 2014 ) from organ source to drain, confirmed by the higher concentration of glucose and fructose in the leaves.
Phenotypic plasticity of C. estrellensis may be interpreted as an adaptive response to the changes in light intensity inside the forest as suggested by Barros et al. (2012) for the climax species Dalbergia nigra (Vell.) Allemão ex Benth. of the Atlantic Forest. The higher plasticity of the gas exchange variables (photosynthesis) in relation to morphological variables (growth and anatomical) and biochemical confirms the ability of climax species of tropical forests to adjust to different light conditions (Valladares and Niinemets 2008; Gaburro et al. 2014) . Thus, the climax species can belong to different vegetation types since understory to caponier as C. estrellensis (Swaine and Whitmore 1988; Rozendaal et al. 2006; Nunes and Petrere-Júnior 2012) . The greater plasticity of physiological characteristics of climax species appears to account for survival in areas of low or high radiation (Valladares et al. 2000; Valladares and Niinemets 2008; Gaburro et al. 2014) . Even being a climax species, C. estrellensis presents functional characteristics for reforestation in open areas. The species does this by economizing the water consumption indicated by the lower efficiency of water use (A/E) in the full sun. Nevertheless, cultivation in partially shaded environments seems to be the ideal for the species. The higher efficiency of gas exchange, photochemical reaction and growth at 1400 lmol m -2 s -1 PAR suggests the planting of C. estrellensis with species that provide partial shading.
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